F amily, twin, and adoption studies show that genes play a substantial role in the etiology of attention-deficit/hyperactivity disorder (ADHD), 1 but the genetic architecture of the disorder is unknown. Meta-analysis of seven ADHD linkage scans identified several genomic regions with suggestive evidence of linkage but only one region (16q22 to q24) was statistically significant genome-wide. 2 An important and widely applied tool in psychiatric genetics is the genomewide association study (GWAS).
Genomewide association studies of ADHD have been completed in two European samples: a family study of 958 affected offspring trios (i.e., DNA from an affected offspring and both parents) from the International Multi-center ADHD Genetics (IMAGE) study 3 and a case-control study of 343 adult ADHD cases (304 controls). 4 Neither study identified a genome-wide significant association, 4, 5 but secondary analysis of ADHD symptom scores in the IMAGE study 6 suggested association with an overlapping gene of interest from Lesch et al. 4 (CDH13) located on chromosome 16q24.2 to q24.3 under the genomewide significant chromosomal region identified in meta analysis. 2 We have conducted an independent multi-site GWAS of DSM-IV-TR ADHD in 735 affected-offspring trios using the Illumina Human1M and Human1M-Duo BeadChip platforms.
METHOD Subjects
Families were ascertained at Massachusetts General Hospital (MGH; N ϭ 309 trios), Washington University at St Louis (WASH-U; N ϭ 272 trios), and University of California at Los Angeles (UCLA; N ϭ 156 trios). Children were 6 to 17 years of age at initial assessment and met criteria for DSM-IV-TR ADHD. All study procedures were reviewed and approved by the subcommittee for human subjects of each respective institution. All subjects' parents or guardians signed written informed consent forms and children older than 7 years of age signed written assent forms.
Diagnostic Criteria and Assessment
DSM-IV-TR criteria for ADHD require at least six of nine symptoms of inattention and/or hyperactivity impulsivity to be endorsed. Symptoms associated with significant impairment in different settings by 7 years of age. As detailed in the following sections subjects were not initially identified according to DSM-IV-TR criteria, but only those subjects meeting full diagnostic criteria (of any DSM-IV-TR ADHD subtype) were enrolled in this genome-wide association study.
MGH (N ϭ 309).
Families were recruited for genetic studies of pediatric psychopathology at the Clinical and Research Program in Pediatric Psychopharmacology and Adult ADHD at Massachusetts General Hospital. Screening and recruitment for some subjects (N ϭ 121) occurred before the publication of DSM-IV. Initial affection status for those subjects was based on DSM-IIIR criteria but lifetime DSM-IV-TR criteria was asked at follow-up, and only those subjects endorsing a life-time DSM-IV-TR diagnosis of ADHD were enrolled. Remaining subjects were screened and assessed according to DSM-IV-TR criteria (N ϭ 188). Psychiatric assessments were made with K-SADSE (Epidemiologic Version). We conducted direct interviews with subjects more than 12 years of age and indirect interviews with their mothers (i.e., mothers complete the structured interview about their offspring) for all subjects and combined data from direct and indirect interviews by considering a diagnostic criterion positive if it was endorsed in either interview. A committee of board-certified child and adult psychiatrists or psychologists who were blind to the subject's ADHD status, referral source, and all other data resolved diagnostic uncertainties. Diagnoses presented for review were considered positive only when the committee determined that full DSM-IV-TR diagnostic criteria were met to a clinically meaningful degree. Potential probands were excluded if they had major sensorimotor handicaps (deafness, blindness), psychosis/schizophrenia, autism, inadequate command of the English language, or a Full Scale IQ less than 80.
WASH-U (N ϭ 272). Participating families were
selected from a population-representative sample identified through birth records of the state of Missouri, for a genetic epidemiological study of the prevalence and heritability of ADHD. The original sample included 812 complete male and female twin pairs and six individual twins ages 7 to 19 years at the time of interview identified from the Missouri Family Registry from 1996 to 2002. As detailed in previous reports, 7, 8 families were invited into the study if at least one child exhibited three or more inattentive symptoms on a brief screening interview. Parents reported on their children and themselves, and the youths on themselves, using the Missouri Assessment of Genetics Interview for Children (MAGIC). 9 The MAGIC is a semi-structured psychiatric interview allowing DSM-III, DSM-IV, and ICD-10 diagnoses, and exhibited excellent reliability and 1-year stability of diagnoses for both parent report and child self-report of the major DSM-IV diagnostic categories pertinent to youths. Adolescents and parents were interviewed in person or by telephone approximately half the time. All interviews with children 12 years and younger were in person. DSM-IV diagnoses of ADHD were based upon parental reports (most of the time, maternal). Families were excluded if a parent/guardian reported mental retardation or if the parent/guardian and twins could not speak English. 7 UCLA (N ϭ 156). Study subjects were drawn from 540 children and adolescents aged 5 to 18 years (mean ϭ 10.6, SD ϭ 3.2) and 519 of their parents ascertained from 370 families with ADHD-affected sibling pairs. Detailed descriptions of recruitment methods, screening, and subject assessment have been previously described. 10 Briefly, lifetime psychiatric diagnoses were based on semi-structured diagnostic interviews conducted by master's level clinical psychologists or highly trained interviewers with extensive experience and reliability training in psychiatric diagnoses. Children and adolescents were assessed using the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime version (K-SADS-PL). Adult parents were assessed using the Schedule for Affective Disorders and Schizophrenia-Lifetime version (SADS-LA-IV), supplemented with the K-SADS Behavioral Disorders module for diagnosis of ADHD and disruptive behavior disorders. Direct interviews were supplemented with parent and teacher versions of the Swanson, Nolan, and Pelham, version IV (SNAP-IV), rating scale, as well as a parent-completed CBCL and Teacher Report Form. Parents also completed current ratings of self and spouse behavior with the ADHD Rating Scale IV. Best estimate diagnoses were assigned using all of the available clinical information according to strict DSM-IV criteria and reviewed by senior clinicians (J.J.M., J.T.M.). Inter-rater reliabilities were computed with a mean weighted kappa of 0.84 across all diagnoses with a greater than 5% occurrence in the sample. Subjects were excluded from participation if they were positive for any of the following: neurological disorder, head injury resulting in concussion, lifetime diagnoses of schizophrenia or autism, or estimated Full Scale IQ Ͻ 70. Subjects on stimulant medication were asked to discontinue use for 24 hours before their visit.
Genotyping
DNA was extracted from blood at each participating institution and Genizon BioSciences Inc. conducted genotyping with funding from Pfizer Inc. Genomic DNA samples from MGH and WASH-U were genotyped using the Illumina Human1M BeadChip (N ϭ 1,057,265 SNPs), whereas the UCLA samples were genotyped using the Illumina Human 1M-Duo array (N ϭ 1,151,846 SNPs). Genotyping calls were generated after clustering all available data within platform at Genizon and then merged into a single file of 1,172,613 SNPs. To generate a data set of markers common to all sites, we removed SNPs that were either not included on both arrays (N ϭ 128,718 SNPs) or failed preliminary quality control (QC) procedures conducted at Genizon (99% call rate for all samples and for all SNPs, gender check, Mendelian errors) on both the 1M and 1M-Duo arrays (N ϭ 9,500 SNPs), the 1M array only (N ϭ 39,753 SNPs) or the 1M-Duo array only (N ϭ 11,201 SNPs). Once the data from the multiple sites and different Illumina arrays were merged, there were 983,441 SNPs genotyped across the complete sample of 737 trios.
The results of further SNP and sample exclusions are presented in Table 1 . As in the primary report from the IMAGE GWAS, 5 the majority of additional marker exclusions were made on the basis of call rate (i.e., the proportion of samples successfully genotyped for that SNP) conditional on minor allele frequency (MAF; i.e., the frequency of the least common allele for the SNP) ( Figure S1 , available online). Because rarer markers have a greater possibility of misclassification that would be more likely to bias tests of association, [11] [12] [13] we included SNPs with 0.01 Յ MAF Ͻ0.05 and call rate Ͼ99%; 0.05 Յ MAF Ͻ0.1 and call rate Ͼ97%, MAF Ն0.1 and call rate Ͼ95%. Any SNPs found to be out of Hardy-Weinberg Equilibrium (p Ͻ 1.0E-6) in founders were excluded from further consideration. We checked for sample duplication by examining identity-by-state for all pairs of individuals and found none. Probably owing to the extensive filtering of SNPs by Genizon and removed in the first step of data management, there were few additional marker or sample exclusions based on Mendelian errors, gender discrepancies or inbreeding ( Table 1 ). The distribution of missingness, Mendel errors, and heterozygosity was similar across all samples in the filtered samples ( Figure S2 , available online).
Association Analyses
We used PLINK 14 to conduct transmission disequilibrium tests. To control for multiple comparisons we adopted the conservative recommendation of Dudbridge et al and Pe'er et al., 15, 16 and considered p values less than 5.0E-08 to be statistically significant genome-wide. We also examined 43 candidate genes (N ϭ 3,603 SNPs) of interest based on those examined in Neale et al. 5 or based on the recent literature: ADRA1A, ADRA1B, ADRA2A, ADRA2C, ADRB2, ADRBK2, ARRB1, BDNF, CDH13, CHRNA4, COMT, CSNK1E, DBH, DDC, DRD1, DRD2, DRD3, DRD4, FADS1, FADS2, HES1, HTR1B, HTR1E, HTR2A, HTR2C, HTR3B, MAOA, MAOB, NFIL3, NR4A2, PER1, PER2, SLC18A2, SLC6A1, SLC6A2, SLC6A3, SLC6A4, SLC9A9, SNAP25, STX1A, SYT1, TPH1, and TPH2. The analytic unit of interest for these tests was the gene, and we used the set-based tests provided in PLINK.
14 The set-based tests estimate the significance of each SNP and then calculate the average 2 statistic for the most significant SNPs per gene. Permutation tests were used to obtain empirical significance levels of the gene-based test, while accounting for the number of tests conducted within gene and the lack of independence of SNPs within gene. Sets could comprise up to 5 SNPs, and gene-wide statistical significance was estimated with 50,000 permutations.
RESULTS
After applying quality control filters, association with ADHD was tested with 835,136 SNPs in 735 DSM-IV-TR ADHD trios from 732 families; clinical demographics of the sample are presented in Table 2 . Subjects recruited at WASH-U were older (p Ͻ .001) and more likely to be diagnosed with predominantly inattentive ADHD (p Ͻ .001) compared with both the MGH and the UCLA samples. Subjects recruited at UCLA were less likely to be Caucasian compared with both the MGH and WASH-U samples (p Ͻ .001). Thus the pooled sample was predominantly Caucasian, male, 12 years of age on average, with roughly equal prevalence of combined-type and predominantly inattentive-type ADHD ( Table 2) .
The QQ plot of observed versus expected p values presented in Figure 1 demonstrates that there was no appreciable inflation of the test statistic in the analyzed sample, as the mean chi-square was very close to 1.0 (1.005) and lambda was 1.0. Our smallest p value (6.7E-07) did not reach the threshold for genome-wide statistical significance (i.e., 5.0E-08). The 20 most significant results are presented in Table 3 . These top hits contain one SNP in an ADHD candidate gene (SLC9A9) with an associated significance level (6.4E-6) comparable to those observed in other studies.
We also conducted gene-based tests of association with previously examined candidate genes for ADHD (Table S1 , available online). Several genes (ADRBK2, CHRNA4, COMT, DRD2, DRD4, HTR1E, HTR3B, MAOA, MAOB, PER1, PER2, SLC18A2, SLC6A2, SLC6A3, SLC6A4, TPH1, TPH2) contained no SNPs that were statistically significant at p Ͻ .05. Of the remaining candidate genes examined, 19 had at least one significant association at p Ͻ .05 (ADRA1A, ADRA1B, ADRA2A, ADRA2C, ADRB2, BDNF, DBH, DDC, DRD1, DRD3, HES1, HTR1B, HTR2A, HTR2C, NR4A2, SLC6A1, SNAP25, STX1A, SYT1), but these associations were not significant after adjusting for the number of tests conducted within each gene. Association results for genes with setbased tests that were significant gene-wide are presented in Table 4 .
A recent meta-analysis of candidate gene association studies of childhood ADHD estimated the pooled association with 38 polymorphisms (29 SNPs) in 18 genes. 17 Of the 29 SNPs, 20 were genotyped for the current study and only one was significant at p Ͻ .05 in single SNP tests (rs6280 in DRD3, p ϭ .018). Neither of the significant SNPs from the meta-analysis and included in our study were statistically significant (rs27072 p ϭ .7; rs3746544 p ϭ .9), and none of the genes (SLC6A3, DRD4, DRD5, SLC6A4, HTR1B, CHRNA4, and SNAP25) implicated by statistically significant association with markers not available in our sample were statistically significant in gene-based set tests (Table S1 , available online).
DISCUSSION
We failed to identify any statistically significant genome-wide findings, but we found some additional evidence for a role of SLC9A9 in the etiology of ADHD. SLC9A9 codes a hydrogen/ sodium exchanger located in the membranes of subcellular structures and is expressed in the brain, heart and skeletal muscle, placenta, kidney, and liver. 18 SLC9A9 was first identified at a break point in a family in which ADHD symptoms were correlated with a chromosome 3 inversion. 18 It was also associated with ADHD in the IMAGE study of 51 candidate genes for ADHD 3 and in subsequent quantitative analyses of ADHD symptoms and age at onset. 6, 19 In the current study SLC9A9 was the most significant candidate gene examined (p ϭ .0017 gene-wide) and the only candidate with a SNP (rs9810857-T, p ϭ 6.4E-6) among the top 20 significant associations in the genome-wide scan of 835,136 SNPs. Our study provides little support for association with additional candidate genes for ADHD previously implicated via meta-analysis; 17, 20 only six of the 42 candidates examined demonstrated nominal gene-wide statistical significance, and we failed to replicate any of the positive associations reported with individual SNPs examined and subjected to meta-analysis. This is not surprising considering the number of trios examined and that any associated genes are likely to exert a small or modest increase in risk (i.e., odds ratios Ͻ1.5). The sample size required to detect such an association (OR ϭ 1.5, p ϭ 5E-08, MAF ϭ 0.25) is at least 1,188 trios. However, many tens of thousands of subjects will likely be need to uncover true risk loci of smaller effect. For example, GWAS with samples of 29,136, 34,433, and 71,225 subjects were needed to identify replicated genetic loci for blood pressure. 21, 22 Sample heterogeneity could also be driving the lack of strong positive findings in ADHD. For example, different assessment procedures among the three samples (different instruments and different ways of combining information sources) could have increased the phenotypic heterogeneity of cases. We have also demonstrated that persistent ADHD is a more familial form of the disorder and that ADHD symptoms typically persist in 30% to 60% of childhood cases. 23, 24 Focusing on childhood samples may introduce additional noise by including a large subgroup of cases who will remit from ADHD and may have a less "genetic" etiology. Additional genome-wide studies focused on adult ADHD are needed to follow up on the promising results suggested in Lesch et al. 4 It is also possible that studies of derived phenotypes or of gene-environment interaction might yield evidence for genome-wide significance, although such strategies have not proved effective for the IMAGE GWAS. 6, 19, 25, 26 Alternatively, it may be that the accumulation of rare variants confers the most risk for ADHD rather than variation in common SNPs studied here. The initial evidence suggesting SLC9A9 as a potential candidate for ADHD came from a pericentric inversion of chromosome 3 identified in a single family, for example. 18 Elia et al. 27 found no over representation of copy number deletions or insertions in ADHD youth but found that inherited copy number variations were located in genes with prior evidence of involvement with neuropsychiatric conditions related to ADHD.
Like the extant literature of genome-wide association studies of ADHD, the current study represents an intermediate step toward understanding genetic influences on the disorder. 28 If it is true that ADHD is influenced by many common gene variants with small individual effects, then much larger genome-wide association studies need to be conducted. We and our colleagues in the Psychiatric GWAS Consortium 29 PGC2009 are working to pool together GWAS samples for ADHD and other disorders in the belief that pooled analyses of very large 
